In the present study a comparison was made of two most frequently used algorithms for calculation of the apparent rate constant in the kinetic modelling of bulk cross-linking diallyl terephthalate (DAT) polymerization with four different peroxide initiators, bis(4-tert-butylcyclohexyl) peroxydicarbonate, dicyclohexyl peroxydicarbonate, benzoyl peroxide and dicumyl peroxide, in the temperature range from 50 to 150°C and at three different initiator loadings. The first algorithm is the CCS algorithm developed by Chiu, Carratt and Soong and the second is the S algorithm developed by Smoluchowski. Only two kinetic parameters had to be found by fitting a previously proposed kinetic model for bulk DAT polymerization, developed by Hace et al., to measured conversion points. Conversions and other necessary physico-chemical properties used for kinetic modelling were obtained from our previous kinetic studies on DAT polymerization.
Introduction
Kinetic modelling of free-radical polymerization is well understood and various algorithms for apparent rate constant calculation were developed in the past [2, [7] [8] [9] [10] . Some of them are semi-empirical [1, 8] , others are based on parameters with clear physico-chemical meanings [2, 7] . Several studies may be found in the literature on the comparison of different algorithms used for apparent rate constant calculation. Nevertheless, comparison of two most widely used algorithms such as CCS [1] and S [2] cannot be found in the available literature. In addition, due to a lack of physicochemical parameters used for kinetic modelling of multifunctional monomers authors usually compare different algorithms for apparent rate constant calculation in the kinetic modelling of monomers such as MMA, styrene and others [7] [8] [9] [10] . Only few studies were done so far on the kinetic modelling of more complicated multifunctional monomers [3] [4] [5] [6] [11] [12] [13] .
Diallyl terephthalate (DAT), an isomer of diallyl phthalate (DAP), is considered as a promising engineering plastic material used in optical and electrical industry. The bulk polymerization of DAT is described as cross-linking reaction with strong diffusion limitations [3] . DAT polymerization consists of initiation, propagation and termination and is interesting due to two additional reaction directions, the degradative and the effective chain transfer. In addition, no classical gel point is observed from the conversion vs. time curve, what is probably a consequence of degradative chain transfer 1 [14, 15] . Potential cyclization side reactions are another aspect of diallyl diester polymerization [3] [4] [5] 15] . Recently, we published several studies on the kinetic modelling of bulk and solution DAT polymerization [3] [4] [5] . In the next step, we successfully applied the proposed kinetic model in the kinetic modelling of diethylene glycol bisallyl carbonate [6] , which is assumed to be a typical multifunctional monomer [6] .
The purpose of the present study is to compare two most widely used algorithms (CCS and S algorithms) for apparent rate constant calculation in the kinetic modelling of bulk DAT polymerization with four different peroxide initiators, at various initiator loadings in a wide temperature range.
Kinetic modelling
Detailed kinetic model development is shown elsewhere [3] [4] [5] , only a brief summary is given below. Free-radical polymerization of DAT consists of initiation, propagation, termination and of two chain transfer reactions, the degradative and the effective chain transfer [3] [4] [5] . The proposed reaction pathway is obtained from the available literature [3] [4] [5] 14, 15] and is shown in Fig. 1 . From the reaction pathway, the kinetic scheme for bulk DAT polymerization was then written, which is shown in Tab. 1, together with corresponding rate expressions.
The long-chain hypothesis was applied so that the monomers consumed during the initiation and chain transfer reactions were ignored. The long-chain radical concentrations were defined in population balance equations, which are summarized in Tab. 2, for various polymerization conditions. The method of moments was used to simplify the infinite number of balance equations [7] . The k-th moments of living and dead polymer chains are defined by 
Before model equations were derived, several common and valid assumptions were made in order to simplify the kinetic model to some extent [3] [4] [5] : (i) no impurities were present in the reaction mixture; (ii) polymerization was homogeneous; (iii) initiator decomposition occurred only by using thermal methods; (iv) thermal initiation of DAT was negligible as it appears only at very high temperatures over 170°C [3] [4] [5] 15] ; (v) the reactivity of cyclized and non-cyclized (propagating) radicals was assumed to be equal [3] [4] [5] 15] ; (vi) no intramolecular cyclization occurred within a single DAT monomer unit due to steric hindrances of allyl groups, although intramolecular cyclization may occur between different units of the same chain [3] [4] [5] 15] . The final set of differential equations, which presents the kinetic model equations, is shown in Tab. 3.
In algorithms used for apparent kinetic rate constant calculation, for the dependence of the diffusion coefficient on conversion the free-volume theory developed by Vrentas and Vrentas [16] , and Vrentas and Duda [17] was used, which was recently reviewed by Zielinski and Duda [18] . It enables the calculation of the dependence of diffusion coefficient on conversion from the physical properties of pure DAT monomer and polymer. Due to its simplicity, free-volume theory is widely used in the kinetic modelling of various radical polymerizations [7] [8] [9] [10] [11] [12] [13] , although other theories may be used, too [7] . All necessary parameters used in free-volume theory were calculated as it was proposed by Zielinski and Duda [18] .
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According to free-volume theory [18] the following equations were used for the dependence of diffusion coefficients on conversion:
where D m0 and D P0 are the preexponential diffusion coefficient factors, which depend on the reaction temperature only. The reader may notify that in the original version of free-volume theory [16, 17] the polymer-polymer diffusion coefficient (D P ) in addition depends on the weight-average molecular weight of polymer (M w ). However, in the kinetic modelling of multifunctional monomers with cross-linking, M w dependence in the expression for D P calculation usually is not included [3] [4] [5] [6] [11] [12] [13] 19, 20] . The same approach was used in the kinetic modelling of 2,2-bis[4-(2-hydroxy-3-methacryloyloxypropoxy)phenyl]propane by Elliot et al. [20] and of diethylene glycol bisallyl carbonate by Hace et al. [6] .
For the calculation of free volume the Busche [19] theory for monomer (V FHm ) and polymer (V FHp ) was used, which predicts the following dependences of free volumes on conversion:
All parameters from Eqs. (1) - (4) 
Hace et al. [3] Initiator type
Ref.
Algorithms for calculation of the apparent rate constant
The CCS algorithm developed by Chiu et al. [1] is based on the assumption that polymerization is not diffusion-controlled from the beginning of the reaction. It is the most widely used algorithm for calculating the apparent rate constants, though it is not completely correct and its kinetic parameters do not have a clear physical meaning [7, 8] . Both, the apparent propagation and the apparent termination kinetic rate constants are the sum of the inversed values of the chemically controlled constants (k pc , k tc ) and of the diffusion-controlled constants (k pd , k td ), which yield [1, [7] [8] 
Diffusion-controlled constants (k pd , k td ) depend on the reaction temperature, diffusion coefficient, conversion and on the radical concentration.
By inserting Eqs. (3) and (4) into Eqs. (7) and (8), for apparent rate constant calculation the following results were obtained:
where Θ p and Θ t represent the reaction-controlled rate constants, r m the monomer radius, λ 0 the first moment of living polymer distribution, and D m0 and D P0 the preexponential monomer-polymer and polymer-polymer diffusion coefficients.
The S algorithm was developed on the assumption that polymerization is diffusioncontrolled from the beginning of the reaction [2] . The parameters used in the S algorithm have a clear physical meaning; therefore, it may be presumed that it is one of the most fundamental algorithms used for apparent rate constant calculation in kinetic modelling of polymerization reactions.
By inserting Eqs. (3) and (4) into Eqs. (11) and (12) and by defining the diffusioncontrolled constants as proposed in a recent work by Litvinenko and Kaminsky [7] , the following equations were obtained for k po and k td , respectively:
All parameters are listed in the Nomenclature.
In the proposed algorithms for apparent rate constant calculation, Θ p and Θ t for the CCS algorithm, and k pd0 and k td0 for the S algorithm represent the only adjustable temperature-dependent parameters of the transport-controlled rate constant. They were obtained from kinetic model fitting to measured conversion points.
Before a model can be used to simulate the polymerization process several physical properties of initiator, monomer and polymer have to be known. Most of them were taken from our previous studies [3] [4] [5] and are reported in Tab. 4.
In addition:
6 (i) For the dependence of the ratio of the degradative (k Deg ) and the effective (k Eff ) kinetic rate constants to the propagation (k p ) rate constant the Arrhenius relation from our previous study [3] was used, which is reported in Tab. 4.
(ii) For initiator decomposition rate constant (k D ) calculation for CHPC, P16S, BPO and DCPO initiators the Arrhenius temperature relations from our previous article [3] were used and are shown in Tab. 4.
(iii) Efficiencies for all four initiators at various reaction conditions were taken from our previous study [3] , where they were calculated by applying dead-end theory. They are shown in Tab. 5. In addition, initiator efficiencies were assumed to be constant through the entire reaction due to a lack of physico-chemical parameters.
(iv) For the temperature dependence of the chemically controlled propagation (k pc ) and the termination (k tc ) rate constant Arrhenius relations obtained in our previous article [3] were used: (15) [ ] (16) (v) The necessary measured conversion points for kinetic modelling of bulk DAT polymerization were taken from our previous articles [3] [4] [5] . The polymerization was investigated using Fourier transform infrared (FTIR) spectrophotometry in the temperature range from 50 to 150°C, with four different peroxide initiators (P16S, CHPC, BPO and DCPO) at three different initiator loadings (3, 5 and 8 wt.-%).
Computer simulations were run assuming isothermal behaviour. The model equations (Tab. 3) were simultaneously solved by the Rosenbrook method. By fitting the model to the measured conversions only two temperature-dependent kinetic parameters for the CCS (Θ p and Θ t ) and for the S (k pd0 and k td0 ) algorithm were obtained using the Levenberg-Marquardt algorithm. 
Results and discussion
In this section, the kinetic parameters obtained are represented and discussed in detail; model predictions are compared with experimentally measured data of conversions for isothermal diallyl terephthalate batch polymerization at different reaction temperatures with various initiator types and loadings. The measured and calculated conversions using both proposed algorithms for apparent rate constant calculation are shown in Fig. 1a-d . It may be observed that both used algorithms for apparent rate constant calculation successfully predict measured conversions for all reaction conditions. Slightly worse agreement among measured and calculated conversion points may be observed at the final stage of polymerization, when the CCS algorithm was used. In addition, it may be observed that calculated conversions at the same polymerization temperature depend on the type of the initiator used (CHPC and P16S) what is probably a consequence of different initiator reactivities at the same conditions. Calculated apparent propagation and termination rate constants as functions of conversion at different reaction conditions are shown in Fig. 2a A similar dependence of both apparent rate constants on conversion may be observed for CCS and S algorithms, respectively. In both cases the apparent rate constants decrease from the beginning of the polymerization, which may be due to the strong diffusion control of the reaction. The DAT bulk polymerization is, according to Simpson et al. [23] , controlled from the beginning of the reaction. Similar dependences of both apparent rate constants on conversion were observed in the kinetic modelling of bulk cross-linking diethylene glycol diacrylate photo-polymerization reactions by Kurdikar and Peppas [13] and for other multifunctional monomers [11] . In general, apparent termination rate constants decrease earlier than the apparent propagation rate constants; therefore, auto-acceleration of the polymerization occurs [12] . Apparent propagation rate constants remain unchanged when polymerization is controlled by segmental diffusion, but begin to decrease when translation diffusion becomes the rate-controlling step. In the later stages of the reaction, the calculated values of k p and k t become similar, because reaction diffusion is the only mode available for the movement of the radicals [13] . Calculated results of k p and k t from the present model agree with this theory. In addition at the late state of the reaction both apparent rate constants become similar due to the relation of the reaction diffusion coefficients (D m and D P ) and low double bond concentrations.
Next, the influences of various initiator concentrations on the kinetics were evaluated. Results are shown in Fig. 3 for CHPC and P16S initiators. Similar results were obtained when the reaction was initiated with BPO and DCPO. It may be observed that at higher initiator concentrations at constant polymerization temperatures the conversions increase faster than at lower ones. Similar observations were made in kinetic studies for other thermally and photo-chemically initiated multifunctional monomers [6, [11] [12] [13] 20] . Both algorithms for apparent rate constant calculation predict similar conversion vs. time profiles. The CCS algorithm performs worse and it does not completely predict the measured conversion points, especially at 3 and 8 wt.-% of used initiators. From obtained results at different initiator loadings the S algorithm performs better. Next, the apparent rate constants at various initiator concentrations were calculated and are shown in Fig. 4 . At higher initiator concentrations, decrease of k p and k t starts later than at lower ones. This may be explained by the fact that the average chain length decreases with increasing initiator concentration [13] . Therefore, it may be assumed that the initiator concentration affects the decrease of the rate constant in this diffusion-controlled reaction. Similar observations were made for bulk and solution polymerization of Nvinylformamide by Gu et al. [24] and in other diffusion-controlled polymerizations [12, 13, [24] [25] [26] [27] [28] . The kinetic parameters depend on the reaction temperature only and remain constant at the same reaction temperature and various initiator loadings. They show no dependence on the type of initiator used at constant reaction temperature (CHPC and P16S), which agrees with the nature of diffusion [5, 7] for both used algorithms.
For reaction design and optimization at reaction conditions where no experiments were conducted, the calculated kinetic parameters were plotted against temperature assuming the Arrhenius relation and the following results were obtained for the S algorithm: (17) [ ] (20) We hope that reported correlations (Eqs. (17) - (20)) will serve in the reaction design when DAT polymer will be used due to its interesting physical properties in the electro and optical industry.
The values of calculated parameters are in the range between 10 7 and 10 13 for k pd0 and k td0 for the S algorithm, between 10 1 and 10 8 for Θ p and Θ t for the CCS algorithm, at various reaction conditions. The calculated parameters k pd0 and k td0 obtained in this study were in good agreement with results obtained from kinetic modelling of bulk diethylene glycol bisallyl carbonate [6] . The differences were attributed to other used monomer. The values of Θ p and Θ t (CCS algorithm) parameters are different from values obtained for N-vinylformamide bulk polymerization [24] where a similar algorithm for apparent rate constant calculation was used. The differences are attributed to different used monomer, lower reaction temperature and different type of used initiator.
The parity plots represent the difference between calculated conversions and experimentally measured ones and may serve as an additional criterion for the selection of an appropriate algorithm used for apparent rate constant calculation. The results of both used algorithms for various reaction conditions are shown in Fig. 6 . As can be seen, the majority of the data are found within a ± 10% error band when the S algorithm is used for apparent rate constant calculation. The number of points lying outside this error band is higher when the CCS algorithm is used, especially at higher reaction temperatures and initiator concentrations.
Conclusions
A comparison of two algorithms for apparent rate constant calculation was presented in the kinetic modelling of bulk DAT polymerization by using a previously proposed kinetic model [3] . Based on the results of this study, the following conclusions may be drawn:
Four correlations for the calculation of k pd0 and k td0 constants for the S algorithm and of Θ p and Θ t for the CCS algorithm are reported by assuming an Arrhenius temperature dependence of the calculated constants. On the basis of results obtained from parity plot diagrams it may be observed that both perform equally well at constant initiator concentration. However, at different initiator concentrations the S algorithm performs better.
The values of the calculated parameters were in the range between 10 7 and 10
13
L⋅mol -1 ⋅s -1 for k pd0 and k td0 (S algorithm) and between 10 1 and 10 8 s -1 for Θ p and Θ t (CCS algorithm), for various reaction conditions. In addition, all kinetic parameters increase with the reaction temperature and do not show a strict dependence on the initiator type at the same reaction temperature (CHPC and P16S). 
